The county town of Beichuan county, China, experienced catastrophic destruction due to landslides induce by the 2008 Wenchuan earthquake. In consideration of the special location of the county town, this paper selected the landslides induced in the town as representative of large-scale near-rupture landslides, and quantitatively analyzed why the landslide damage was so destructive in the town by using strong motion data obtained from the Wenchuan earthquake in the Longmenshan area. Three methods were employed to estimate the landslide damage using strong motion data. (1) Peak ground accelerations (PGAs) on the hanging wall were used to evaluate the PGAs on the landslide sites in the town. The evaluated average PGAs were all greater than 1 g, indicating that the ground motion intensity was very strong during the earthquake. (2) Acceleration time histories, from another station with similar geological conditions to the town, were used to evaluate the critical acceleration changing range, and the estimated values showed the geological conditions were very susceptible to earthquakes. (3) Acceleration time histories, from two stations on the hanging and foot walls of the rupture, and near the town, were used to calculate the Newmark displacements, and all the evaluated displacements indicated that landslides were very likely. The results show that the slopes, susceptible to earthquakes in the Beichuan county town, were easily triggered under such strong ground-motion intensity and developed into large-scale catastrophic events.
Introduction
The May 12, 2008 Wenchuan earthquake caused a significant number of landslides, and affected an area of over 2×10 5 km 2 , of which over 1×10 5 km 2 was seriously stricken (Liu, 2008) . Beichuan county was one of the most seriously affected regions. According to the survey after the earthquake, there were 564 landslides in Beichuan county, 21 of which were triggered in the county town (Jiang et al., 2009) . For example, the Wangjiayan landslide buried more than 1 600 people in the county town (Yin, 2008; Xu and Huang, 2008) , and theTangjiashan landslide blocked the river, which made it the most dangerous landslide induced by the earthquake.
Since the earthquake, numerous landslide studies in Beichuan county have been undertaken. These studies include the distribution rule and the triggering mechanisms of earthquake-induced large-scale landslides Huang and Li, 2008; Xu, 2009) . However, most of these studies were qualitative, and lacked the support of quantitative calculation. Therefore, this paper presents a quantitative analysis using the strong motion data obtained from the Wenchuan earthquake.
The Beichuan county town suffered the most de-structive landslides compared to those in Beichuan county and other counties in the earthquake-hit area. As a result of the extensive surface damage, all the instruments deployed in the county town were destroyed. Fortunately, many sets of strong motion data were obtained from the earthquake rupture in the Longmenshan area, which provides the opportunity to analyze the earthquake hazards using the ground motion data . Therefore, we used this dataset to study the landslides that occurred in the county town, and quantitatively analyzed why the landslide damage was so serious. Here, we calculated the strong motion intensity in the landslide sites of the county town and the probable displacements caused by the strong motion using the acceleration time histories obtained from the Wenchuan earthquake. The results show that the county town experienced very strong ground motion during the earthquake, which was strong enough to trigger large-scale landslides.
Geological background and dataset
The Wenchuan earthquake occurred on the central Yingxiu-Beichuan fault of the Longmenshan fault zone, which belongs to the transitional zone between the Qinghai-Xizang plateau and Sichuan basin. This region is characterized by complex geological structures, topography, and hydro-geological conditions , which resulted in a considerable number of secondary geological disasters as a result of the earthquake.
Beichuan county, located in the north-central part of the Wenchuan earthquake rupture, belongs to the Mianyang city of the Sichuan province. The land surface in Beichuan county is deeply incised and the local relief can exceed 1 000 m. The county town is located in a northeast-trending valley that developed in fissile Cambrian sandstone and slate, as well as Devonian dolomitic limestone that weathers easily.
The two landslides mentioned above, the Wangjiayan landslide and the Tangjiashan landslide, were located in the town and were close to the earthquake rupture. Therefore, we chose these two landslides as typical large-scale near-rupture landslide examples to carry out this study. Table 1 summarizes some data on the two most disastrous landslides.
Since no strong motion data was obtained from the county town, we tried to make use of the acceleration record data obtained in the Longmenshan area to carry out our work. Of these records, there are 23 groups from the hanging wall of the rupture. The distribution of these stations and their relationship to the rupture and the county town are shown in Figure 1 . Hu et al. (2009) In Figure 1 , the triangles indicate the stations where the strong motion data was recorded. The distribution of these stations and their relation to the earthquake rupture can be seen. The solid triangles are those stations which were selected for special calculation. The LXTP station was selected owning to its similar geological conditions to the county town. Slope parameters can be assessed using data with similar geological background. While the MZQP and JYHZ stations were selected because they were closest to the county town, but they were on the hanging and foot walls, respectively. Their calculation results can be compared as representative data. Therefore, the rich strong-motion dataset obtained in the Longmenshan area allows us to quantitatively assess the landslide hazards in the county town, even though there were no data for the study point. We used this dataset to analyze the two significant landslides mentioned above.
Landslide hazard evaluations in the Beichuan county town
3.1 Peak ground acceleration evaluation of the landslide sites All the investigation carried out after the earthquake showed that earthquake damage was significantly greater on the hanging wall than that on the foot wall (Xu and Li, 2010) . Studies also showed that the attenuation of the ground motion on the hanging wall was slower than it was on the foot wall .
The landslide sites, located in the county town, were on the hanging wall of the earthquake rupture, and located very close to the rupture. Therefore, estimated peak ground acceleration (PGA) values from the attenuation law based on all the dataset of this earthquake were not suitable to the special location of these landslides. To estimate the PGAs correctly, we used the data obtained from the hanging wall in the Longmenshan area to determine the attenuation-fitting formula in three directions. As shown in Figure 1 , only the data located northwest of the rupture within the hanging wall, with the rupture distances less than 150 km, were used to build the fitting laws. The fitting results were as follows:
lg PGA UD = −1.52 lg(D f + 13.7) + 2.05,
where D f indicates the distance to earthquake rupture. Using the rupture distances given in Table 1 , we calculated the PGAs in the three directions for the two large-scale landslides, the Wangjiayan and Tangjiashan. The estimated average PGA values of the two landslide sites in three directions are given in Table 2 . Analyzing the results given in Table 2 , we determined that the estimated PGAs, in the three directions of the two landslide sites, were greater than 1 g. Considering the fitting error within one standard deviation above and below the estimated average value, the lower limits of the estimated values were also near to or greater than 1 g. These were in accordance with the hypothesized PGA data of more than 1 g, or even 2 g-3 g, from previous studies of the near-rupture landslides Yin, 2009; Wang et al., 2009c) , which were assumed from the observed damages. Moreover, the Wangjiayan and Tangjiashan landslides, as with many near-rupture large-scale landslides, had the characteristic of being propelled away from the top of the slope (Xu, 2009) . For a large landslide mass to be propelled away so quickly in a very short time, an acceleration greater than 1 g is required to overcome gravity. This suggested that over 1 g PGA evaluations were credible.
The evaluated vertical PGAs of the two sites were both greater than their corresponding horizontal values. Studies showed that the vertical motion was very strong near the earthquake rupture, but the attenuation rate was rapid with increasing distance from the rupture . Studies of strong earthquakes also showed that landslide disasters near the earthquakerupture were invariably very serious (Jibson et al., 2006; Liao, 2000; Huang and Li, 2008) . It was evident that there was a strong attenuation relationship between the near-rupture large-scale landslide hazards and the vertical strong motion, which demonstrated, to some extent, that although horizontal motion had a leading role in the landslide triggering process, as many researchers believed, the vertical motion must not be neglected, as it may intensify landslide hazards. This was also evident in our regional-scale studies (Wang et al., 2009b) . Therefore, the vertical strong motion must be taken into consideration when near-rupture geological disasters are evaluated. Moreover, we can analyze the estimated result from the perspective of the forces acting on a block located on a sloping surface (slope block), as shown in Figure 2 . As for the cases c and d shown in Figure 2 , the horizontal acceleration produces force inwards and upwards of the slope, which inhibits sliding. Whereas, in the cases a and b, horizontal acceleration produces force outwards and downwards of the slope. This is favorable for slippage. In the following section we analyze the vertical accelerations action under these two cases.
When the vertical acceleration acts downwards (case a), components of inwards and downwards of the slope are produced. The inwards component will enhance the pressure on the slope block, which leads to an increase in frictional force between the block and the sloping surface, while the downwards component will promote sliding. If the horizontal acceleration is large enough, the increased friction will be overcome and failure will occur.
When the vertical acceleration acts upwards (case b), components of outwards and upwards of the slope will be produced. Pressure and friction caused by the weight of the block will decrease. However, the upwards component will require a significant horizontal acceleration to be overcome in order to induce sliding. Therefore, in the near-rupture region where vertical accelerations are typically quite large and where the horizontal and vertical accelerations act on the slope at the same time, the horizontal acceleration must be large enough to propel the slope block away from the slope in order to cause landsliding. This analysis is in accordance with the estimated values given in Table 2 , where both the vertical and horizontal evaluated values are large. Under these conditions, when the combination of the vertical and horizontal accelerations acts on the slope, very large forces will be exerted on the slope block, which can lead to large-scale devastating landslides.
The damaging outcome of this earthquake and the above analyses, both show that the vertical component of the earthquake motion plays an important role in the near-rupture large-scale landslides. We will carry out more in-depth studies on this subject in future.
Slope critical acceleration evaluation
As discussed in section 2, the surface layer is weak due to weathering in the region around the county town. Therefore, the region is susceptible to landsliding in response to earthquakes or other triggering factors. To analyze the landslide hazards quantitatively, we tried to evaluate the changing range of critical acceleration under such geological conditions using the strong motion data obtained from another station in the regions that are characterized by similar geological conditions.
Critical acceleration, a parameter in acceleration format, represents the ability of a slope to remain stable when the slopes are subjected to an earthquake. A higher critical acceleration value means the slope can undergo greater ground motion intensity without landslide failure, while a lower critical acceleration signifies a slope that fails easily to earthquake motion (Wang et al., 2011a, b) .
To evaluate the probable critical acceleration range, we use the acceleration-time history data and landslide information beside the observation point where the data was recorded to deduce this parameter (Wang et al., 2009b) . Alternatively, we can obtain a possible value of this parameter by comparing the PGAs with the landslide hazards directly (Wang et al., 2010) . Since we want to analyze the landslides in a quantitative way, we choose the first way to carry out the evaluation process.
The first step was to select a group of records, where the geological conditions were similar to the study site and induced landslide information was available. From the geological map in Figure 1 , we established the Taoping station in Lixian county (LXTP) (bigger solid triangle) that had the same emergence stratum as the Beichuan county town, and the geological conditions in these two sites were similar. Therefore, we chose strong motion data from this station to carry out the evaluation process.
Since the horizontal motion played the major role in sliding, as shown in previous studies (Arias, 1970; Wilson and Keefer, 1985) and in section 3.1 of this study, two horizontal recordings were used to calculate the Newmark displacements by applying different critical accelerations. The average displacement value of the two horizontal components at the same critical acceleration point were used, and a group of Newmark displacements versus their corresponding critical accelerations were obtained (Figure 3) . According to the surveyed data, there were largeto small-scale landslides near the LXTP station (Wang et al., 2009b) . This indicated that the strong motion near the LXTP station was enough to trigger large-scale landslides. Wilson and Keefer (1985) stated that the critical displacement, a displacement over which elasticity of the slope material was lost and permanent displacement was produced, i.e., landslides occurred, could be selected as 2 cm for brittle slopes and 10 cm for coherent large-scale landslides. Therefore, we used these values and obtained the corresponding critical accelerations of 0.14 g and 0.08 g for 2 cm and 10 cm, respectively (Figure 3) . Furthermore, our analysis using the regional scale data showed that landslide disasters were very serious when PGAs exceeded 0.2 g (Wang et al., 2010) , which showed that the critical acceleration on a regional scale could not be greater than 0.2 g (Wang et al., 2009b) . Therefore, we also used this value as a critical acceleration in the following section's calculation as a comparison.
Our results showed that the critical acceleration range was about 0.08 g to 0.14 g, with the maximum less than 0.2 g, for the geological conditions of the Beichuan county town region. The critical acceleration range of 0.08 g to 0.14 g indicated that the geological conditions in the town were susceptible to earthquakes, and that landslides were easily triggered.
Newmark displacement evaluation
Having determined the critical acceleration, the next step was to select an acceleration time history to calculate the probable Newmark displacement. To make a comparison, we chose two groups of records near the town, but those that were located on both the hanging wall and foot wall of the rupture. These stations are the Qingping station (MZQP) on the hanging wall and the Hanzeng station (JYHZ) on the foot wall (small solid triangles in Figure 1 ). Although the MZQP station is located on the hanging wall like the county town, its geological conditions are quite different from the town. While the JYHZ station has similar geological conditions to the town, it is located on the footwall and is at a greater distance from the rupture. Therefore, it is reasonable to use both sets of data.
The Newmark displacements, calculated from the critical accelerations given in section 3.2 using the acceleration time-histories of the two selected stations, are shown in Table 3 . See Wang et al. (2009b) for a detailed discussion of the calculation process.
From the results given in Table 3 , we determined that if the strong motion intensity in the town was the same as that of the MZQP station, large-scale landslides would be triggered under any of the critical accelerations. This is because all the displacements, even under the most disadvantageous slope condition (0.2 g critical acceleration) were large enough. Even if the strong motion intensity was as great as that of the JYHZ sta-tion, landslides would also have been triggered because all the displacements were greater than the critical displacement of 2 cm, a typical value for slopes made of weak materials. The landslides might, however, be smaller than those under the conditions of the MZQP station. Yet, when the rupture distance and the foot wall location were taken into consideration, we determined that the ground motion in the town must be stronger than that in the JYHZ station, and therefore landslide disasters would be more serious than those of the JYHZ station. These results show that the Newmark displacements in the county town were large enough to trigger large-scale landslides under any of the critical accelerations mentioned above, even under the most unfavorable conditions. However, it must be noted that the calculated Newmark displacements were much smaller than those of the real landslide slippage, for example, the 550 m of the Wangjiayan landslide, given in Table 1 . We think there are two reasons to explain this. First, the critical acceleration was kept at a constant value throughout the acceleration time history calculations, while in a real case when the slope is subjected to an earthquake, the mechanical properties of the soil might change and its anti-shearing ability should be weakened. This would result in the critical acceleration becoming progressively smaller during the vibration. Second, the horizontal time history was adopted when the Newmark displacements were calculated and the vertical component was neglected, which might play an important role in the near rupture landslide calculations mentioned above; therefore, the vertical strong motion must be taken into consideration in future model studies.
As a result, the Newmark displacement, whether calculated from the time history, or evaluated in any other way, should not be taken as the real landslide slippage. However, when the regional characteristics are considered and a suitable judging criterion is adopted, the Newmark displacement, in a quantitative manner, is also a very good index to evaluate landslide risks on a regional scale or for certain landslide sites.
Conclusions
The Beichuan county town suffered the most devastating landslides of all the areas affected by the Wenchuan earthquake, and no strong motion data were obtained from the town. Consequently, this study evaluated the probable PGAs of the town using the data from the hanging wall of the Wenchuan earthquake in the Longmenshan area, and evaluated the critical acceleration range and corresponding Newmark displacements. Some conclusions are as follows:
1) The average evaluated PGAs of the two landslide sites in the county town were all greater than 1 g. Even if the one standard deviation formula fitting error was considered, the minimum evaluated values were near to, or greater than 1 g, which is in accordance with the results from other studies. The vertical strong motion likely played an important role in large-scale nearrupture landslides, which must be considered in future evaluation models.
2) Acceleration time histories, from another station with the same geological conditions as the Beichuan county town, were used to evaluate the critical acceleration range. The results suggested ground accelerations of 0.08 g to 0.14 g, which showed that slopes in this condition were susceptible to earthquakes, and therefore, landslides, were easily triggered.
3) Acceleration time histories, from two stations located on the hanging and foot walls near the rupture, were selected to calculate the Newmark displacements. The results showed that landslides might be triggered even if the ground motion, located on the footwall at a far distance from the rupture, was used. The Newmark displacement, combined with a suitable judgment criterion, was a good index for landslide risk evaluations, but it cannot be used for real landslide slippage.
Through these analyses, we have concluded that the destructive near-rupture landslides of the Beichuan county town were triggered because of the extremely strong ground motion, in particular, the vertical ground motion, under disadvantageous slope conditions. We evaluated and analyzed the landslide hazards, at the locations where the damage was very serious, but strong motion data were absent, by using data obtained from other stations during the Wenchuan earthquake. Furthermore, we can use the methods shown in this paper to evaluate parameters in other geological conditions in the Longmenshan area, which might be suitable as a decision rule or judgement criterion in future project applications.
